Although nervous systems are largely bilaterally symmetric on a structural level, they display striking degrees of functional left/right (L/R) asymmetry. In Caenorhabditis elegans, two structurally symmetric pairs of sensory neurons, ASE and AWC, display two distinctly controlled types of functional L/R asymmetries (stereotyped versus stochastic asymmetry) [1] [2] [3] . Beyond these two cases, the extent of neuronal asymmetry in the C. elegans nervous system was unclear. Here, we report that the Beta3/Olig-type bHLH transcription factor hlh-16 is L/R asymmetrically expressed in several distinct, otherwise bilaterally symmetric interneuron and motoneuron pairs that are part of a known navigation circuit. We find that hlh-16 asymmetry is generated during gastrulation by an asymmetric LAG-2/Delta signal originating from the mesoderm that promotes hlh-16 expression in neurons on the left side through direct binding of the Notch effector LAG-1/Su(H)/CBF to a cis-regulatory element in the hlh-16 locus. Removal of hlh-16 reveals an unanticipated asymmetry in the ability of the axons of the AIY interneurons to extend into the nerve ring, with the left AIY axon requiring elevated hlh-16 expression for correct extension. Our study suggests that the extent of molecular L/R asymmetry in the C. elegans nervous system is broader than previously anticipated, establishes a novel signaling mechanism that crosses germ layers to diversify bilaterally symmetric neuronal lineages, and reveals L/R asymmetric control of axonal outgrowth of bilaterally symmetric neurons.
Summary
Although nervous systems are largely bilaterally symmetric on a structural level, they display striking degrees of functional left/right (L/R) asymmetry. In Caenorhabditis elegans, two structurally symmetric pairs of sensory neurons, ASE and AWC, display two distinctly controlled types of functional L/R asymmetries (stereotyped versus stochastic asymmetry) [1] [2] [3] . Beyond these two cases, the extent of neuronal asymmetry in the C. elegans nervous system was unclear. Here, we report that the Beta3/Olig-type bHLH transcription factor hlh-16 is L/R asymmetrically expressed in several distinct, otherwise bilaterally symmetric interneuron and motoneuron pairs that are part of a known navigation circuit. We find that hlh-16 asymmetry is generated during gastrulation by an asymmetric LAG-2/Delta signal originating from the mesoderm that promotes hlh-16 expression in neurons on the left side through direct binding of the Notch effector LAG-1/Su(H)/CBF to a cis-regulatory element in the hlh-16 locus. Removal of hlh-16 reveals an unanticipated asymmetry in the ability of the axons of the AIY interneurons to extend into the nerve ring, with the left AIY axon requiring elevated hlh-16 expression for correct extension. Our study suggests that the extent of molecular L/R asymmetry in the C. elegans nervous system is broader than previously anticipated, establishes a novel signaling mechanism that crosses germ layers to diversify bilaterally symmetric neuronal lineages, and reveals L/R asymmetric control of axonal outgrowth of bilaterally symmetric neurons.
Results and Discussion
The nervous system of higher vertebrates is known to display extensive functional lateralization, but the cellular and molecular basis for such left/right (L/R) asymmetries is largely unknown [4] . One approach to study this problem has been to identify genes with L/R asymmetric expression patterns. This approach has been applied in humans through unbiased serial analysis of gene expression, revealing asymmetrically expressed genes in the cerebral cortex [5] , and in the invertebrate model system C. elegans through the genome-scale examination of members of putative chemoreceptor gene families, revealing L/R asymmetric chemoreceptor expression patterns in the ASE gustatory and AWC olfactory neuron pairs [6] [7] [8] [9] . In the human case, L/R asymmetrically expressed genes have not yet been linked to specific L/R asymmetric brain functions, but in C. elegans, chemoreceptor expression asymmetries have been shown to endow the respective left and right AWC and ASE sensory neurons with distinctive chemoreceptive properties [10] [11] [12] [13] .
However, the extent of lateralization in the structurally largely bilaterally symmetric C. elegans brain [1] is unknown. Are the L/R asymmetries in the AWC and ASE neurons special cases? Is L/R asymmetry only found in sensory neurons, or can it also be observed in downstream interneurons and motoneurons? If so, what are the molecular mechanisms that instruct such asymmetries, and what is their functional relevance? In contrast to previous studies, which focused on structural genes (e.g., chemoreceptors) [6] [7] [8] [9] , we have attempted to explore these issues through the analysis of expression patterns of regulatory genes and describe here our analysis of one member of the basic helix-loop-helix (bHLH) family.
The bHLH Transcription Factor hlh-16 Is L/R Asymmetrically Expressed in a Navigation Circuit
We analyzed the expression of several bHLH transcription factors using translational reporter fusion genes that rescue the mutant phenotypes of the respective bHLH genes as well as transcriptional reporters. We focus here on the previously uncharacterized hlh-16 gene, which is related to the Beta3 and Olig families of bHLH genes [14] . We found that the embryonic expression pattern of hlh-16 is largely bilaterally symmetric, with the notable exception of asymmetric expression in several distinct, otherwise bilaterally symmetric neuron pairs ( Figure 1) .
Specifically, we detected the expression of hlh-16 reporters (hlh-16 prom ::mcherry and hlh-16 trans ::gfp) in two symmetric neuroblasts (ABplpapaaa and ABprpapaaa; cell names reflect lineage history, i.e., AB annotates one blastomere; a, p, l, and r annotate anterior, posterior, left, and right cell divisions that generate the specific cell type). These two neuroblasts generate through an asymmetric cell division one SMDD motoneuron and one AIY interneuron on each side of the animal ( Figure 1C) . Following terminal division, the hlh-16 reporters are expressed in postmitotic SMDD(L/R) and AIY(L/R), and their expression decreases during larval development, becoming barely detectable in the adult. The hlh-16 reporters are expressed at a higher level in the left SMDD and AIY compared to the right SMDD and AIY ( Figure 1B ). This L/R asymmetry is already visible in the SMDD/AIY mother cells. Asymmetric expression is also observed in their sister neuroblasts (the SIAD/SIBV mother cells) and, following terminal division, the SIAD and SIBV head motoneurons. Other bilateral neuron pairs display no asymmetric hlh-16 expression ( Figure 1B) .
Notably, L/R asymmetric expression of hlh-16 is observed in neurons-AIY, SMDD, SIAD, and SIBV-that are part of a circuit previously described to control navigation behavior of C. elegans [15] [16] [17] (Figure 1D ). This circuit receives input from the ASE and AWC neurons, also previously known to be functionally L/R asymmetric [10] [11] [12] [13] . The molecular asymmetries that we observe therefore suggest that efficient processing of sensory information and functional lateralization may involve asymmetry not only of sensory neurons but also of downstream interneurons and motoneurons. [15] [16] [17] . Asymmetries in hlh-16 are shown in the same color code as in (C). ASE neurons are asymmetric based on the expression of many genes, including chemoreceptors. AWC is another sensory neuron that inputs into this circuit and is L/R asymmetric (this asymmetry is, however, stochastic).
Questions about the origin and functional relevance of molecular asymmetries are only incompletely understood in most other systems described to date.
Because both AIY(L/R) asymmetry and the previously described ASE(L/R) asymmetry are directional (i.e., observed always on the same side on the animal), and because AIY(L/R) is synaptically connected to ASE(L/R), we assessed whether disrupting ASE(L/R) asymmetry affects AIY(L/R) asymmetry. Using lsy-6(ot71) mutants, in which ASE asymmetry is completely abolished [18] , we found this not to be the case: 50 of 50 scored animals still showed normal hlh-16 laterality in AIY, SMDD, SIAD, and SIBV.
The left and right AIY, SMDD, SIAD, and SIBV neurons derive from two bilaterally symmetric neuroblasts, ABplpapa and ABprpapa ( Figure 1C ). All neurons generated by these neuroblasts are bilaterally symmetric neuron pairs. In contrast, the sister cells of these neuroblasts, ABplpapp and ABprpapp, display striking structural lateralities in their ensuing cleavage patterns, each giving rise to distinct sets of unrelated and unilateral neuronal and other ectodermal cell types ( Figure 1C ). These differences are instructed by the reception of an asymmetric LAG-2/Delta signal originating from the left mesodermal precursors MSapa and MSapp and received by the ABplpapp ectoblast cell ( Figure 1C ) [19] [20] [21] . The bilaterally symmetric homolog ABprpapp does not receive this signal because only the left mesodermal precursors MSapa and MSapp express the Notch ligand LAG-2, whereas their right counterparts do not [20, 21] . Given the close proximity of the two bilateral ABp(l/r)papa and ABp(l/r) papp ectoblast pairs, we examined whether the mesodermal LAG-2 signal not only induces the laterality of the ABp(l/r) papp lineage branch but may also impose L/R asymmetry within the ABp(l/r)papa lineage that generates AIY, SMDD, SIAD, and SIBV. We first analyzed whether the left AIY+SMDD+SIAD+SIBV precursor ABplpapa makes direct contact to the LAG-2-expressing cells MSapa and MSapp. To this end, we used the CE Viewer software [22] , which allowed us to predict cell contact in optically sectioned, 4D-reconstructed embryos. We then confirmed the predicted cell contacts using 4D videomicroscopy [23] . This analysis revealed that the left AIY+SMDD+SIAD+SIBV precursor (ABplpapa), but not the right AIY+SMDD+SIAD+SIBV precursor (ABprpapa), contacts the LAG-2-expressing cells MSapa and MSapp (Figure 2A ; see also Figure S1A available online).
To test whether this immediate proximity is indeed of functional significance, we performed laser ablations. Ablation of the nucleus of the mother (MSap) of the LAG-2-expressing cells, but not of a neighboring cell (MSaa), abrogated hlh-16 asymmetry in the SMDD/AIY/SIAD/SIBV lineage, suggesting that the MSap lineage induces the asymmetry ( Figure 2B) . Ablation of the nuclei of MSapa and MSapp themselves had a weaker effect, probably because LAG-2 is already present at the surface of these cells at the time of ablation.
We went on to test whether the asymmetry is affected in mutants of the Notch pathway. We observed that hlh-16 asymmetry is lost in mutants of the Notch ligand lag-2, in mutants of the Notch transcriptional output lag-1, or in the absence of the Notch receptors glp-1 and lin-12 ( Figures 2C  and 2D ). In mutants of the Notch ligand lag-2 and in mutants of the Notch receptors glp-1 and lin-12, the level of hlh-16 expression was affected only on the left side, where it was reduced to the level of expression on the right side (Figure S1B) . In mutants of the Notch transcriptional output lag-1, the level of hlh-16 expression was affected on both sides: on the left side, the level of expression was reduced to an intermediate level, and on the right side, the level of expression was increased to an intermediate level. This is likely a reflection of LAG-1 acting as an activator in the presence of Notch signaling (on the left side) and as a repressor in the absence of Notch signaling (on the right side), as observed in other systems [24] . We have therefore uncovered a new Notch signaling event, with the signal originating from the left mesodermal precursors MSapa and MSapp, received by the ABplpapa neuroblast, and inducing hlh-16 L/R asymmetric expression in an otherwise bilaterally symmetric lineage.
hlh-16 Is a Direct Target of Notch Signaling
We next tested the molecular mechanism by which Notch signaling may generate the asymmetry in hlh-16 expression. A 514 bp promoter fragment, which covers the full intergenic region between the hlh-16 start codon and the upstream gene trt-1, was sufficient to drive L/R asymmetric expression in the ABplpapa versus ABprpapa neuroblast ( Figures 3A  and 3C ). This region contains a 384 bp fragment of significant conservation with three closely related Caenorhabditis species, and this fragment was sufficient to drive L/R asymmetric reporter gene expression ( Figures 3A and 3C) . The transcriptional mediators of the Notch pathway are transcription factors of the CSL (CBF/Suppressor of Hairless/LAG-1) family, and the binding site of the C. elegans member of this family, LAG-1, is well characterized [25] [26] [27] . The hlh-16 upstream region contains one LAG-1 binding site that is well conserved between four Caenorhabditis species ( Figure 3B) . Mutation of the LAG-1 binding site led to a decrease of the expression level of hlh-16 on the left side and an increase on the right side, resulting in bilaterally symmetric expression (Figure 3C ; Figure S2 ), as observed in lag-1 mutants. Altogether, this suggests that Notch signaling directly generates the L/R asymmetry in hlh-16 expression.
hlh-16 Has an Asymmetric Effect on the Axonal Projection of the AIY Interneurons
Because a single neuron-type-specific marker (ttx-3 prom ::gfp) is available for the AIY interneurons, but not the SMDD, SIAD, or SIBV neurons, we focused on the role of hlh-16 in the AIY interneurons. To analyze the functional role of hlh-16 in the AIY interneuron pair, we examined an hlh-16 mutant strain harboring a deletion in the hlh-16 locus and visualized the AIY interneurons with the ttx-3 prom ::gfp transgene. We found that hlh-16 affected the outgrowth of the axons of both AIY interneurons into the nerve ring such that they stop prematurely in hlh-16 mutant animals ( Figure 4A ). Intriguingly, AIYL was significantly more affected than AIYR ( Figure 4B ). The effect on both neurons, which was more pronounced in the AIYL neuron, matched the normal expression of hlh-16 in both neurons, with higher levels observed in AIYL. The mutant phenotype could be rescued through reintroduction of the hlh-16 translational gfp reporter construct, and it could be phenocopied by hlh-16 RNA interference (RNAi) ( Figure 4B ). Taken together, these functional data indicate that both AIY neurons rely on hlh-16 for correct extension of their axons into the nerve ring, with the left AIY neuron being more reliant on hlh-16 than the right AIY neuron. This is an unanticipated finding because the left and right AIY neurons extend morphologically symmetric axon projections in wild-type animals. The removal of hlh-16 reveals that in spite of this morphological symmetry, the molecular mechanisms that control the axonal projections are, in part, L/R asymmetric.
We noticed that in mutants of the Notch receptors glp-1 and lin-12, the axonal projections of the AIY neurons were not affected (n = 50). This suggests that Notch also generates the L/R asymmetric context for which the left AIY neuron has to compensate by elevated hlh-16 expression (and that is only revealed in a hlh-16 mutant background). establish bilaterally symmetric outgrowth patterns. We also noticed that the hlh-16 mutants (but not the hlh-16 RNAi-treated animals) showed a partly penetrant loss of ttx-3 prom ::gfp expression in AIY, which did not display a L/R bias. This suggests that in addition to its L/R asymmetric role in AIY axonal projection, hlh-16 may also have a L/R symmetric role in AIY fate specification.
Conclusions
Taken together, our studies reveal a previously unanticipated extent of lateralization in what otherwise appear bilaterally symmetric neuron pairs in the nervous system of C. elegans. We find that these novel neuronal lateralities are instructed by a mesodermally derived signal that is asymmetrically positioned to affect only one side of an otherwise bilaterally symmetric lineage. The laterality of the ASE neurons is also instructed by a Delta signal [28] , but this signal is sent at a much earlier time in development, long before a L/R axis has been established, and is memorized through unknown means until the establishment of L/R asymmetric gene expression in mature ASEL/R neurons. The signal that we describe here is of a different source, acts much later, after establishment of the L/R axis, and acts differentially upon two bilaterally symmetric lineages. The mesodermal origin of this signal is reminiscent of the zebrafish, where a signal inducing laterality in the nervous system is also sent from an asymmetric, mesodermal source (reviewed in [3] ). Also in contrast to the ASE(L/R) case, in which it is not understood how Notch signaling affects L/R asymmetric expression in ASEL versus ASER, we could trace the output of Notch signaling directly to lateralized hlh-16 transcription in the AIY/SMDD/SIAD/ SIBV case.
Our findings may have significant implications on information processing in the nematode nervous system. Previous studies that characterized neuronal circuits involved in a variety of distinct behaviors have mostly treated neuronal circuits as essentially mirror images on either side of the worm (reviewed in [29] ). Yet the identification of molecular asymmetries in many different neuron types that we have described here suggests that neuronal circuits may be more functionally lateralized than often assumed. Because these molecular asymmetries come in the form of a differentially expressed transcription factor, we presume that a number of as yet unidentified targets of this transcription factor may help to also functionally lateralize neuronal circuitries of the animal. also sick and slow growing. Although a hlh-16 translational fusion (otEx4503) rescues the AIY axonal defects and loss of ttx-3 prom ::gfp expression, it does not efficiently rescue the overall sickness of the strain, suggesting that the sickness could be due to a second closely linked mutation or may require a more precise level of hlh-16 function to be rescued.
Experimental Procedures

RNA Interference
RNAi was performed in a sensitized rrf-3(pk1426); hlh-2(bx115) background with pk1426 globally sensitizing animals to the effects of RNAi and bx115 (a mutation in the bHLH cofactor hlh-2) sensitizing animals for the loss of function of other bHLH factors [30, 31] . rrf-3(pk1426); hlh-2(bx115) unc-13(e51); mgIs18 [ttx-3 prom ::gfp] hermaphrodites at L4 stage were grown on bacteria harboring a plasmid to express double-stranded RNA (control empty L4440 vector or hlh-16 clone I-4l02; gift of J. Ahringer) as described [32] , and the F1 progeny were scored.
Expression Constructs and Transgenic Strains
The hlh-16 trans ::gfp translational fusion was generated by first cloning the 2514 to 21 region of hlh-16 (from the coding region of the upstream gene to the ATG of hlh-16) between the HindIII and XbaI sites of the pPD95.75 vector. In a second step, a PCR fusion of the gfp coding region to the +1 to +2822 region of hlh-16 (full coding and downstream region of hlh-16 up to the coding region of the downstream gene) was cloned between the KpnI and SpeI sites. hlh-16 trans ::gfp was injected after linearization at 0.3 ng/ml with 4 ng/ml of linearized pRF4 coinjection marker and 150 ng/ml of linearized bacterial DNA. Three independent lines were obtained (otEx4503, otEx4504, otEx4505) that display similar expression patterns and rescue the AIY axonal defects and loss of ttx-3 prom ::gfp expression of hlh-16(tm3612) mutants.
hlh-16 prom (2514)::gfp and hlh-16 prom (2384)::gfp were generated by cloning the 2514 to 21 region or 2384 to 21 region of hlh-16 between the HindIII and XbaI sites of the pPD95.75 vector. hlh-16 prom (2384)mutated::gfp was generated by changing via PCR the core of the LAG-1 binding site from TTCCCATA to TTGCCTTA in the hlh-16 prom (2384)::gfp construct. These constructs were injected at 50 ng/ml with 100 ng/ml of pRF4 coinjection marker and 50 ng/ml of pBluescript.
We noticed that the asymmetry in the SMDD/AIY/SIAD/SIBV lineage observed with the transcriptional reporters [hlh-16 trans ::gfp) (see Figure 1 ; Figure 3) . We think that because hlh-16 trans ::gfp embryos often show a slight disorganization (probably due to the overexpression of functional HLH-16 protein), the lower level of asymmetry observed with this reporter may be a consequence of slight cell mispositioning that perturbs Notch signaling.
Cell Identifications and Ablations
The cells asymmetrically expressing hlh-16 prom ::mcherry (stIs10546, RW10546 [33] ) were identified as SMDD, AIY, SIAD, and SIBV by lineaging using 4D videomicroscopy and Simi BioCell software [23] . This was confirmed by colocalization with ttx-3 prom ::gfp (mgIs32), which labels the SMDD/AIY lineage [34] . Expression of hlh-16 trans ::gfp (otEx4503) in the SMDD/AIY/SIAD/SIBV lineage was then analyzed by colabeling with hlh-16 prom ::mcherry (stIs10546). Cell ablations were performed as previously described [28] .
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